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SUMMARY
Seventeen of twenty-six influenza A virus isolates of the H I NI antigenic subtype and two of eleven H3N2 virus isolates from the t977-78 season exhibited a ts phenotype, were restricted in plaquing in MDCK cells at 38"5 °C compared to 34 °C and appeared to be naturally occurring ts mutants. The cut-off temperature for two such ts HrN~ virus isolates was established as 38 °C. The ts viruses were as thermostable as non-ts isolates and no complementation was detected between the twelve ts viruses tested. Cloning studies with an HINI virus isolate with minimal ts properties indicated the presence of a mixed population of ts + and ts particles. Analysis of seven recombinants of A/HK/I I7/77 (NINI) virus indicated that the ts lesion(s) was not located in the NA or HA proteins.
Temperature-sensitive (ts) mutants of influenza virus are of current interest in the development of live attenuated influenza virus vaccines (Smorodintsev, t969; Spring et al. I975; Chanock et al. ~978) . Genetic analysis of laboratory selected conditional lethal ts mutants of influenza A virus has indicated the existence of seven or eight recombination/complementation groups (Hirst, I973) . Ts lesions may occur in any of the eight currently described primary gene products coded for by the virus RNA (Palese et (Murphy et al. t978) . The latter studies have concerned the preparation and properties of laboratory produced ts mutants and only a single study has examined the natural occurrence of ts strains among influenza A (HINI) virus isolates from man (Kung et al. r978) .
We report studies of recent influenza A virus isolates, related antigenically to A/USSR/ 9o/77 (H r N I) and to A/Texas/I/77 (H3N 2) viruses, and of widespread geographical origi n, which are restricted in their ability to produce plaques and to replicate at 38"5 °C. The viruses appear to be naturally occurring ts mutants.
Representative A/USSR/9o/77 (H~Nl)-like and A/Texas/I/77 (H3Nz)-like viruses from the ~977-78 and t978-79 influenza seasons in Hong Kong, the People's Republic of China, U.K., U.S.A. and U.S.S.R. were obtained from the World Health Organization Influenza Centres in those countries. These isolates were made originally in monkey kidney cell cultures or embryonated hens' eggs and had between one and four subsequent serial passages in cell cultures or eggs. For the present studies, infected aIlantoic fluids ofuncloned viruses were used unless otherwise stated. Laboratory strains of viruses of the HINI subtype isolated between T947 and I963 were from the collection of this laboratory. These viruses had been passaged T to 3 times in the amiotic cavity and between lz and 17 times in the allantoic cavity ofembryonated hens' eggs. The passage history of influenza A/FM/~/47 could not be established with certainty. No virus with the possible exception of A/FM/I/47 had been passaged in mice.
Virus plaque assays were performed using Linbro tissue culture plates (FB-6) and continuous canine kidney cells (MDCK, purchased from Biocult Laboratories, Paisley, Scotland, OO22-t317/8o/00oo-3759 $o2.00~) 198o SGM at passage 64 and used between passage 80 and loo) in MEM (GIBCO F-15) with 0.088 % sodium bicarbonate and 5% foetal bovine serum and incubated at 34 °C in 3~(, CO.2 in air. After 4 days incubation to confluency the cultures were infected with virus in infected allantoic fluids and, following an adsorption period of 30 rain at room temperature, were overlaid with an agar medium comprising M EM, sodium bicarbonate (o'I76%), bovine serum albumin (o.t4°/o), DEAE-Dextran 0oo/~g/ml), TPCK trypsin (o.6units/ml: Worthington, Croydon, Surrey) agar (o.5°~; Ox, oid L28) and antibiotics. Dishes were inverted and incubated at 34 +-o'25 °C or 38"5 + 0"25 °C in 3 % CO2 in air in a waterjacketed incubator for 4 days (Laboratory Thermal Equipment Ltd, Oldham, Lancs.) with temperature monitoring with a Grant chart recorder. For plaque counting the agar overlay was removed and the cells stained with o.L % naphthalene black in 6 % (v/v) glacial acetic acid and r'36 % (w/v) sodium acetate. The cell monolayers were destained in tap water.
In preliminary experiments we established the reproducibility of the plaquing technique at both temperatures using A/PR/8/34 virus. Thus, in nine separate experiments the mean titre of A/PR/8/34 at 34 and 38"5 °C was 8"9 +_ o'33 and 8.6 + o'4I loga0 p.f.u./ml, respectively. In addition, plaque size was not reduced at 38.5 °C (Fig. I) or at temperatures up to 4o °C with the virus. We selected a reduction of I log 10 p.f.u./ml or more, together with a reduction in plaque size at the restrictive temperature of 38"5 °C as an indicator of is property.
For HIN1 viruses isolated in the I977-78 season the plaquing of a proportion of isolates such as A/HK/II7/77, A/USSR/92/77 and A/Eng/6/78 was inhibited at 38.5°C (Table I ). Only two virus isolates (A/Brazil/I 1/78 and A/Lackland AFB/3/78) showing antigenic drift from A/USSR/9o/77 virus, detectable using monoclonal antibodies to the HA antigen (Webster et al. 1979) , have been examined to date and neither virus was temperature sensitive. To investigate whether the temperature sensitivity of the viruses detected in the plaquing experiments was a host restriction phenomenon related only to MDCK ceils, similar experiments were carried out using embryonated hens' eggs. Marked inhibition of virus growth was also detected when virus isolates were titrated in the allantoic cavity of embryonated hens' eggs at 33 and 40 °C. Thus, the differences in virus titre at 33 and 40 °C for A/England/I/53 (HINl) and A/HK/I I6/77 (H1NI) were 5"0 and 3"3 loglo EIDs0/mI, respectively, compared to values of 2.i and 4'5 log10 p.f.u./mt obtained using the plaque technique.
In contrast to the above results with recently isolated HINI viruses, most laboratory HINI strains which were isolated between I947 and t963 in several different countries were not ts when examined by the plaque technique (Table I) . However, some viruses in this group have been passaged serially in eggs and although the ts property in the one virus tested from this group (A/Eng/l/53) was stable after 20 serial passages in eggs, experiments with other HINI viruses described below indicated that serial passage could result in the selection of a ts + population. Of J7 older virus strains tested, three (A/Geneva/49, A/ Denver~I~57 and A/Eng/I/53) were ts. It was of interest that A/FW/I/5o (HINI) virus, which has been shown by serological analysis (Kendal et al. 1978 ) and by oligonucleotide mapping (Nakajima et al. ~978 ) to be closely related to A/USSR/9o/77-1ike viruses was not ts and thus differs in phenotype.
We determined if the relatively high frequency of isolation of naturally occurring ts viruses was characteristic of viruses of the recent HINI antigenic subtype or if this was a more general phenomenon of recently isolated influenza A viruses. Four influenza A viruses of the H3N2 subtype isolated between the years I968 and ~976 were not ts. However, two (A/Eng/5oo/78 and A/Eng/95/78) of the eleven H3N2 isolates from the 1977-78 season which were examined had ts characteristics and showed I"4 and 2.0 log10 p.f.u, reduction of virus titre, respectively, at the restrictive temperature of 38"5 °C. Thus, the ts 7"I 6.8 o'3 + o * A difference of 1'o loglo p.f.u./ml is considered significant in this test as described in the text. Results are from a single series experiment, although each determination was repeated in separate experiments with similar results. The control virus A/PR/8/34 produced the same number of plaques, with no reduction in size, at 34 and 38"5 °C. t ND, Not done. phenotype appears to be extended to viruses of two antigenic subtypes and is not restricted to viruses of the HIN ~ subtype. Experiments with influenza B viruses are now in progress.
In order to determine the stability of the ts character, serial passage of a ts virus, A/Eng/ 116/78 (HtNI) was carried out in eggs at 33 °C and resulted in the progressive loss of the ts property. After two passages the virus remained ts but after five passages at 33 °C the difference in virus infectivity titre at the two temperatures decreased from 4"5 log~0 p.f.u./ml to only 1.2 log10 p.f.u./ml. A possible explanation of the finding is that the uncloned virus preparation examined contained a mixed population of ts and ts + particles. To investigate this possibility a virus A/Eng/772/78 (HlNJ) which was inhibited only 1.2 log,0 p.f.u./ml at 38"5 °C was plaqued at the permissive temperature and 33 individual plaques isolated and tested in duplicate experiments for any ts property. Twenty clones showed greater than t.o loglo p.f.u./mt inhibition at the restrictive temperature and five of these clones showed N 2.o log~0 p.f.u./ml inhibition. The remaining 13 virus clones were not ts. Thus, the original virus egg pool contained a mixture of ts + and ts particles. Even limited serial passage in vitro may result in the selection of ts + viruses and the apparent absence of the ts phenotype in the earlier isolated viruses of the HTNt or H3N2 antigenic subtypes could have resulted from passage and selection of a pre-existing ts + virus in the original material. At present we have been unable to determine directly the ts phenotype of the original virus throat swab isolates before laboratory passage.
A useful marker of the degree of temperature sensitivity of influenza strains has been the establishment of the 'cut-off' temperature (Murphy & Chanock, I979) . When the ts viruses A/Eng/6/77 (HINI) and A/Eng/I~6/77 (HINT) were titrated by plaquing in MDCK cells at 34, 36, 37, 38, and 39 °C, the cut-off temperature (I.o logl0p.f.u./ml inhibition) was established as 38 °C. Other studies have established a correlation between the cut-off tempe,'ature of virus growth in vitro and the virulence of the virus for man, and a ts mutant with a 38 °C cut-off was found to be partially attenuated in man. A more defective mutant with a cut-off of 37 °C was more attenuated when tested in volunteers (for review, see Murphy & Chanock, 1979) .
The thermostability of infective virus at 4o °C after 2 or 24 h incubation was studied for representative ts H INI strains and compared with non-ts HINI viruses and with A/PR/8/34 virus. There were no significant differences between A/PR/8/34, A/Hong Kong/i 16/77, A/Eng/3/78, A/Eng/6i ~/78 and A/Eng/~ I6/78 viruses in the rate of thermal inactivation of infective virus, and a decrease in infectivity of approx. 4'0 log10 EIDs0/ml was detected for all viruses incubated at 4o °C for 24 h.
Using the ts virus A/HK/I I7/77 (HINI) as one parent and A/PR/8/34 (HoN0 virus as the other, a series of recombinant strains were prepared (by Dr N. Zygraich, RIT, Belgium) and studied in our laboratory for ts properties. Of seven recombinants of antigenic composition HINJ, five were found to possess ts characteristics and two did not. The ts lesion of the parent virus A/HK/IT7/77 does not reside, therefore, in either of the virus surface HA or NA glycoproteins. Further studies on the genetic composition of these recombinants are in progress (J. S. Oxford & G. C. Schild, unpublished data).
So far we have been unable to detect complementation between I2 different ts HINI viruses, isolated in I977-78, using plaquing techniques with virus pairs incubated together at 4 °C overnight before infection of cell monolayers (Spring et al. I975) . The absence of complementation may indicate that the ts viruses have the same genetic defect or alternatively have multiple lesions, although it is not excluded at present that interference or incompatibility may explain the negative results of these tests. Studies of virus-induced RNA and polypeptide synthesis at permissive and restrictive temperatures are also in progress to determine the location of the ts defect.
